Laboratory bioassays of three entomopathogenic fungi (Beauveria bassiana strain GHA, 38 conidia suspended in 0.01% Silwet ® were made at a high rate of 2 x 10 14 conidia/ha at 3-5-day 44 intervals, and efficacy was assessed from twice-weekly samples of both flowers and foliage. 45
second night) following each application (post-spray period). Efficacy of the pathogens 48 expressed as percent reduction of the combined populations of thrips nymphs and adults relative 49 to spray-carrier controls was ultimately correlated to greenhouse environmental conditions. 50
Mean relative humidity (RH) over all test days was a strong predictor of thrips control on foliage 51 (R 2 = 0.820) and flowers (R 2 = 0.756). Fungal efficacy was most strongly and consistently 52 predicted by moisture conditions during the post-spray periods. The single best predictor was 53 mean number of hours during post-spray periods when RH was ≥ 80% (R 2 foliage = 0.834; R 2 54 flowers = 0.908). The three fungi produced similar levels of thrips control under comparable 55 moisture conditions. Maintenance of 80% RH for ca. 25 h during post-spray periods resulted in 56 > 70% control of thrips in foliage. Substantially longer periods of high humidity (35 h) were 57 required to achieve comparable control in flowers. Control ≥ 70% in both foliage and flowers 58
Introduction 64 65
In previous greenhouse studies investigating the efficacy of the fungal pathogen Beauveria 66 bassiana strain GHA (formulated as BotaniGard ® 22WP) against western flower thrips 67
Frankliniella occidentalis (Pergnade) (WFT) infesting greenhouse cultures of impatiens, we 68
were unable to achieve effective levels of control. A primary hypothesis from the study was that 69 greenhouse conditions were too dry to support fungal activity (Ugine et al., 2007a). Most of the 70 tests were conducted in large greenhouse bays with effective sun-screens and efficient 71 evaporative cooling systems. In one test conducted during the summer months, mean 72 temperature was 21 ºC and overall relative humidity averaged > 80%. Such conditions would 73 seem favorable for fungal activity against thrips, and yet, the pest populations were reduced just 74 32%. This suggests that daytime periods of reduced humidities, elevated temperatures, and high 75 ventilation (to control temperature) had a strong negative impact on fungal efficacy. Little is 76 known of the combined effects of these factors on fungal efficacy. Movement of air has a 77 marked effect on its drying capacity and is difficult to control and quantify for experimentation, 78 needed in late afternoon and evening to maintain a 15-h daily photoperiod. Greenhouse 232 environmental controls were set to maintain temperatures between 15 and 25ºC; however, the 233 cooling systems were inefficient, and during peak hours of insolation during warm months, 234 temperatures rose above 30ºC. Environmental conditions (temperature and relative humidity) in 235 each GH were monitored at 30 min intervals using electronic data recorders (HOBO ® data 236 loggers, Onset Computer, Bourne, MA) placed under shade beside each test plot. 237
Applications were applied using a hand-held, mist-blower spray gun (MaxCharge ™ 238 electroststic spraygun, with disk insert 0.4, Electrostatic Spraying Systems, Watkinsville, GA) 239 operated at 103 kPa (15 psi) and delivering ca. 2.5 ml/sec. The gun was operated without the 240 electrostatic generator (batteries removed) to represent basic mist-blower technologies. 241
Unformulated conidia of all fungi, suspended in 0.01% Silwet, were applied at a rate equivalent 242 to a high rate of the commercial BotaniGard WP product of 0.45 kg/378.5 L/0.093 ha (label rate 243 of 1 lb/100 gal/10,000 ft 2 ). As the BotaniGard product is formulated at 4.409 x 10 13 conidia/kg, 244 this translates to a rate of 2.14 x 10 14 conidia in a volume of 4074 L/ha. The treatment dose was 245 delivered via a 15-sec spray pass per row of impatiens, with the spray directed at an approximate 246 45º angle into the canopy from a height of ca. 20 cm above the canopy. The high spray volume 247 was intended to maximize penetration of the crop, with runoff to the substrate having potential to 248 infect the quiescent prepupal and pupal stages in the soil. On small plants, the application could 249 be considered a light sprench. The two plots in each greenhouse compartment were treated with 250 independently prepared (replicated) conidial suspensions or carrier-control solutions. All tests 251 included a pathogen-free, spray-carrier control of 0.01% Silwet. Tests were generally conducted 252 on different days in randomly-assigned greenhouse compartments. In cases where two fungi 253 were tested simultaneously, each treatment and control was assigned to a separate compartment. 254
Two of the tests included an untreated control. Other details of the spray program in each test are 255 presented in Table 1 . 256
Thrips populations were sampled on the morning before each spray application and then 257 twice during the last week of the test. One fresh flower with pollen (Ugine et al., 2006) and one 258 short (1.5-2 cm) section of vegetative stem, comprising the terminal cluster of new foliage and 259 one expanded leaf, were cut from one randomly selected plant from each row (n = 12). Plants for 260 flower vs. foliage samples were independently randomized. The 12 flowers were collected in a 261 single container of 80% ethanol, and the process was then repeated for the foliage samples. 262
Samples were thoroughly dissected under a low-power microscope and total numbers of thrips 263 recorded (nymphs + adults). Numbers were ultimately expressed as total thrips per flower or 264 stem.
266

Statistical analyses 267
Bioassay data were analyzed by probit analysis (Finney, 1971) using the SAS ® 9.3 268 software (SAS Institute, 2011). Efficacy of the spray program in each test was expressed in terms 269 of the percent reduction in the thrips population in treatment plots relative to the control plots; 270 this percent reduction is referred to as percent control. Percent control was based on the final 271 sample of each test, with the exception of Test 2, in which the final samples of foliage indicated 272 an abrupt loss of control (see Fig. 2A ). In this case, efficacy estimated from the foliage samples 273 was based on mean thrips collected in the last three samples. In the two tests that included 274 untreated controls, thrips numbers were greater in the spray-carrier vs. untreated control plots 275 (compartments), and control was calculated using the means of the two controls. Analysis of 276 variance of the log LC 50 s from bioassays and regression analyses estimating the proportion of 277 total variation in percent control across tests attributable to specific environmental parameters 278 (R-squared) and standard error of the regression (standard error of the estimate) were conducted 279 using JMP ® Pro 12.0.1 software (SAS Institute, 2015). In the latter analyses there was no 280 evidence of nonlinearity, and no transformations were applied. Hypothesis tests of differences in 281 efficacy between Beauveria and Metarhizium spp. were conducted with proportion control 282 transformed to empirical logit: log (p/[1-p]), with the smallest non-zero proportion (0.2 from test 283 10B) added to the numerator and denominator of the transform as recommended by Warton and 284
Hui (2011). 285
Data from a number of our previous tests (Ugine et al. 2007a) were re-analyzed for direct 286 comparisons to those of the present study. Tests considered most comparable were those with 287 short spray intervals and those that included foliage samples; although, few foliage samples were13 collected during our earlier study, and the foliage and flower sampling was not conducted 289 concomitantly as in the present study. Efficacy data presented for Test 9 in Table 1 are 
Laboratory bioassays 309
Viabilities of all conidial powders used in bioassays of B. bassiana strain GHA were high, 310 ranging from 87 to 90%. Metarhizium conidia were unstable when repeatedly removed from 311 frozen storage and exposed to air. Viability of M. brunneum strain F52 averaged 66% (range 49-312 95%), and viability of M. anisopliae s.l. strain ESC-1 averaged 73% (range 44-89%). There was, 313 however, no significant correlation between Metarhizium viability and LC 50 (r = -0.647, P = 314 0.12, n = 7). Nevertheless, the fungi were all virulent against western flower thrips under ideal 315 laboratory conditions of constant high humidity and moderate temperature, with LC 50 s ranging 316 from 72 to 193 viable conidia/mm 2 treated leaf surface (Table 2) . Metarhizium strain ESC-1 317 exhibited the lowest LC 50 , but differences were not statistically significant. 318 319
Greenhouse tests 320
All conidial powders of B. bassiana used in the greenhouse tests were highly viable (mean 88%, 321 range 81-95%) except for the powder used in the first application of test four (76%). After the 322 above-describes experience with poor viability of Metarhizium powders, conidia were used 323 within a short time after production, and storage tubes were not opened repeatedly. Viability 324 averaged 88% (82-96%). Spray application programs and resulting levels of thrips control 325 (efficacy) are summarized in Table 1 . In the following results and discussion, the percent 326 reduction in greenhouse thrips population relative to the control population estimated from 327 foliage/flower samples will be referred to as control (or efficacy) on foliage/flowers. None of the 328 fungi exhibited outstanding efficacy. Excluding Test 5, which was conducted under unusually 329 harsh (dry) conditions, mean efficacy across all tests of the present study (through Test 8) for 330 Beauveria vs. Metarhizium was 71 vs. 74% against thrips populations on foliage and 52 vs. 56% 331 against thrips on flowers. Augmentation of relative humidity during the 40-h period following 332 each spray application (referred to henceforth as the post-spray period or PSP) had a large impact 333 on efficacy. Across all tests of all fungi, efficacy in humidified greenhouses averaged 76% on 334 foliage and 63% on flowers vs. 41 and 32%, respectively, in non-humidified greenhouses. 335
Augmentation of RH conditions to levels supporting ≥ 70% control of thrips on both foliage and 336 flowers prevented pest populations from increasing ( Figs. 1 and 2) . 337
Standard errors associated with some of the means in Figs. 1 and 2 were unexpectedly 338 large, indicating substantial differences in pest populations between the two plots within each 339 greenhouse compartment. Our initial disposition was to treat these plots as non-independent 340 pseudoreplicates because the greenhouse compartments were small, and thrips movement was 341 not restricted (plots were not caged). However, these observations reveal considerable 342 and Metarhizium, the factor fungus was retained in all models. 376
Temperature in most tests was maintained within a range favorable for fungal infection 377 (mean daily min/max range = 15.8-32.8) (Table 3) , and under these conditions, the independent 378 variable mean temperature was a weak predictor of efficacy; maximum R-squared (R 2 ) was 379 0.603 from foliage samples (regression not significant at P = 0.10) and ≤ 0.208 from flower 380 samples (Table 3) . In all regressions with mean temperature, the standard error of regression 381 (SER) was > 14 (average distance of observed values from the regression line was >14 382
percentage points). 383
Moisture conditions in the greenhouse were more accurate predictors of efficacy than 384 temperature (Table 3) 
0). 388
Regression of efficacy on flowers vs. mean VPD for tests 1-8 was not significant (P = 0.089). 389
Fungal efficacy was most strongly and consistently predicted by moisture conditions 390 recorded during the 40-h post-spray periods (Table 4) . R 2 from regressions of mean RH during 391 PSP ranged from 0.741-0.908, which is similar to mean RH over all test days (cf. Fig 3 and 
and 4). 394
As observed with the overall means, mean RH during PSP was a stronger predictor of efficacy 395 on flowers than VPD. However, in sharp contrast to relationships with overall mean moisture 396 conditions, PSP moisture conditions were as strongly associated with efficacy on flowers as on 397 foliage. R 2 across all variables and all tests in Table 4 (excluding the last two columns) averaged 398 0.807 for flowers vs. 0.784 for foliage. 399
The single best predictor of efficacy was mean hours during PSP with RH ≥ 80%. 400
Regressions with this variable produced R 2 values ranging from 0.834 to a remarkable 0.959, 401 with associated SER of 9.6 and 5.6 percentage points, respectively ( Table 4) . 419
Inverse predictions of selected moisture conditions estimated to produce 70% and 80% 420 control of thrips are presented in Table 5 . Variables include mean RH, mean VPD, mean RH 421 during PSP, mean VPD during PSP, mean hours RH ≥ 80% during PSP, and mean hours VPD ≤ 422 0.5 during PSP (Figs. 5-8, respectively). Estimates were generated from models including the 423 independent variable fungus, but excluding the environmental variable x fungus interaction term. 424
The regressions in Fig. 3C , in which fungus was clearly significant (P = 0.009) predict that 425 achieving 70% control of thrips on foliage using B. bassiana strain GHA would require 426 maintenance of a mean RH of 78%, and that the same level of control on flowers would require a 427 mean RH of 90% (Table 5) generated from the data of the present study had little effect on R 2 or significance (P), indicating 443 that despite the differences in experimental protocols, the results from both studies fit the defined 444 trends, confirming our hypothesis that moisture was the key factor limiting efficacy of B. 445 bassiana in our previous study. Under manipulated RH conditions (RH augmented for 40 hours 446 following each spray application), B. bassiana GHA held thrips to pre-treatment levels (Fig. 2B) . 447
As originally conjectured, Metarhizium spp. appeared to tolerate somewhat drier conditions than 448 B. bassiana GHA. Predicted levels of moisture, in terms of mean RH and VPD, supporting 70% 449 control of WFT were 13 percentage points and 0.45 kPa lower for Metarhizium (Table 5) . 450
However, differences associated with other environmental variables were smaller and not 451 statistically significant, and applications of M. brunneum F52 in a humidified greenhouse 452 produced results similar to B. bassiana GHA, holding the thrips populations stable (Fig 1C) . The 453 apparently lower moisture threshold for activity of Metarhizium vs. Beauveria may not be low 454 enough to translate to significantly greater pest control potential. Additional study is warranted. bassiana, mean humidities of 84-87% (tests 3 and 11B) were inadequate to support a high 493 level of control, and our data estimate that 90% RH would be required to achieve just 70% 494 control on flowers (Table 5 ). This inconsistency is almost certainly explained, in part, by 495 the differences in the crops (impatiens vs. cucumber). In a study of WFT infestations of 496 cucumber, Higgins (1992) reported finding > 85% of the nymphal populations on the 497 leaves. This contrasts sharply with our observations on impatiens; in the final samples of 498
Test 1-8, 72% of all nymphs collected were found on the flowers. Cucumber produces large 499 leaves that, when mature, tend to have more or less concave lower (abaxial) surfaces with 500 abundant stomata and stout trichomes. These traits produce a protected, cool, humid 501 microenvironment favored by thrips and highly favorable to activity of entomopathogenic 502 fungi (Wraight et al., 2000) . This microhabitat is also more exposed to efficient (hand-503 targeted) spray applications than other cryptic habitats commonly preferred by thrips. and its humid boundary layer. Moreover, molting in these insects involves expanding and 528 resettling on areas of leaf surface that may be contaminated with fungal conidia. Conidia in 529 this situation are exposed to conditions highly favorable to germination and infection. 530
Thrips larvae, in contrast, are highly mobile and far more cryptic than whitefly larvae, 531 inhabiting dense clusters of new foliage or structures of flowers where they cannot be 532 targeted directly with biopesticide sprays. 533
The observations that mean VPD and RH were equally strong predictors of efficacy 534 on foliage, but that VPD was a weaker predictor on flowers (Tables 3 and 4) is difficult to  535 explain. This anomaly may derive simply from the fact that percent control on flowers and 536 VPD were more variable across tests than percent control on foliage and RH. Coefficients of 537 variation of control on flowers vs. foliage = 51 vs. 32%, of mean VPD vs. mean RH = 37 vs. 538 15%, and of mean VPD during PSD vs. mean RH during PSP = 44 vs. 14%. It appears that 539 high vapor pressure deficits recorded during dry conditions strongly bias the means. The 540 average of the maximum VPD values recorded during each of the tests was 3.31 kPa; the average 541 of the minimum RH values was 30%. When the minimum VPD of zero (corresponding to 100% 542 RH) is averaged with 3.31, the mean is 1.65; when the minimum RH of 30% is averaged with 543 100%, the mean is 65%. A VPD of 1.65 is representative of much drier conditions than a relative 544 humidity of 65%. Percent control on flowers is likely affected more by ventilation than control 545 on foliage, but we did not monitor ventilation and cannot account for this variable. Biased 546 estimates of VPD and unaccounted-for effects could have generated spurious associations 547 between some VPD and efficacy data. 548
Our findings of greater efficacy of fungi against thrips on impatiens foliage vs. flowers 549 suggest not only that environmental conditions within the crop canopy are more favorable for 550 fungal activity, but also that thrips eclosed on impatiens foliage in mature crops remain on the 551 foliage at least long enough to become infected and succumb to mycosis. Studies by Ugine et al. 552
(2006) have shown that immature thrips are not strongly attracted to pollen. Our findings that 553 moisture conditions during the two PSP preceding a sample strongly predict efficacy on foliage, 554 support these conclusions (Fig. 9A) . The high-volume sprays applied in the present study likely 555 Finally, it warrants reiteration that we do not anticipate that efficacy of fungal pathogens 584 will, in all cases, be dependent upon ambient moisture conditions as high as those observed in 585 our tests. We selected impatiens as our study host specifically due to the challenge it poses to 586 activity of fungal pathogens. Much additional research is needed to assess the microbial 587 biocontrol potential of these agents against thrips infesting the exceedingly broad variety of 588 crops produced in greenhouses under a great range of environmental conditions. In particular, 589 ambient RH conditions can vary markedly across geographic regions and over different times of 590 the year. Research is also needed to determine the potential of formulation (e.g., formulation in 591 oil or oil-in-water emulsions) to enhance efficacy. This is particularly important in that we do not 592 consider twice-weekly applications of entomopathogenic fungi to be a sustainable approach to 593 thrips management. Such intensive spray programs put great pressure on pest populations to 594 develop resistance and on pest managers to find alternative, less costly solutions. As concluded 595 (from the evening through the second night after each spray) from tests described in Table 1 . b Percent control of western flower thrips from tests of entomopathogenic fungi described in Table 1 . c Coefficient of determination (R-squared), standard error of the regression (SER), probability of type I error (P) testing significance of whole regression model (testing the hypothesis that all model parameters except the intercept are zero), data from samples of foliage vs. flowers (plain vs. italicized text). Table 5. Estimated (inverse-predicted) environmental conditions supporting predicted levels of control of western flower thrips on impatiens in greenhouses.
a Main effect fungus = logit transformed percent control of western flower thrips on impatiens foliage vs. flowers achieved from spray applications of Beauveria bassiana strain GHA and two Metarhizium spp. in eleven greenhouse tests described in Table 1 . b Mean conditions averaged across the 40-hour post-spray periods (from the evening through the second night after each spray) from the tests described in 
